Bio-based media, derived from cellulosic biomass depolymerisation or bioconversion processes, are composed of several chemicals and biochemicals. In this study, the main components of a hemicellulosic-based medium were analyzed using a dual detection HPLC method to separate and determine concentrations of the major monosaccharides (glucose, xylose, and arabinose), alcoholic and acidic components (ethanol, xylitol, and acetic acid) and furanic compounds (furfural and hydroxymethylfurfural (HMF)). The analyses, which employed a single stationary phase (Aminex HPX-87H) and two detection methods, were carried out under isocratic conditions and involved mobile phases consisting of 5 mM sulfuric acid and acetonitrile in different mix ratios from 0 to 0.061 mole fraction of acetonitrile. Based on the analysis run time and the chromatogram quality, the optimum condition was determined for the simultaneous quantification of the components.
Introduction
Lignocellulosic resources provide a renewable source of carbon mainly (75%) as carbohydrates for the biotransformation-based processes that produce fuels and chemicals for a wide variety of applications [1] . During depolymerization of the natural polymers in the biomass, a complicated conversion of the components to the simpler chemicals occurs. The mechanism of conversion of monosaccharides including hexoses and pentoses, as well as acetyl groups, respectively, to hydroxymethylfurfural (HMF), furfural, and acetic acid and also the mechanisms of their inhibitive impact on cell metabolic activities and regeneration have been studied in detail by Palmqvist and Hahn-Hagerdal [2] .
The analytical methods for xylitol determination and quantification could be classified as: 1) methods based on high performance liquid chromatography (HPLC); 2) methods based on gas chromatography (GC); 3) liquid chromatography-mass spectroscopy (LC-MS) methods; and 4) capillary electrophoresis (CE). Since derivatization steps are not required to generate volatile derivatives applicable to the final analytical study in the HPLC analytical methods [3] , HPLC is the preferred method compared with GC.
Different types of columns such as HPX-87H, TSK amide-80 columns, amino-based carbohydrate column, and ion exclusion column have been used for xylitol analysis. Several kinds of detectors based on various detection methods and chromatographic systems have been used to quantify carbohydrates; these approaches include refractive index (RI) detection, mass spectroscopy (MS), pulsed amperometric detection (PAD), evaporative light scattering (ELS), and ultraviolet (UV) detection. Less sensitive methods such as RI detection and ELS have more applications for xylitol analysis [3, 4] .
The biomass hydrolysis byproducts (furans) derived from the degradation of monosaccharides (hexose and pentose) are detected by UV, GC-mass spectrometry and GC-FID methods [4] . The UV spectral method, as suggested by Martinez and co-workers [5] , is a rapid and convenient means to estimate and monitor total furans (furfural and HMF) in the biomass hydrolysate. Individual determination of methyl furfural (MF), furfural, and HMF was developed using a spectrophotometric method based on the reaction of the components with 2-thiobarbituric acid (TBA) [6] . Scarlata and Hyman [7] reported of a study wherein a fast acid method using an HPLC ion exclusion column based on cross-linked sulfonated styrene-divinyl benzene (SDVB) and RI detection method, successfully analyzed organic acids, alcohols, and furans; however in some cases, carbohydrates were eluted together. Even levulinic acid co-eluted with acetic acid, and glycerol co-eluted with formic acid using the fast acid system. In another study reported by Xu and coworkers [8] , a combination of RI and UV detection methods was used for the simultaneous analysis of dextrose and 5-HMF in an aqueous system, attaining a high sensitivity (30 -50 ppb) for 5-HMF detection. The use of the anion exchange chromatography with the PAD method showed that the simultaneous quantification of dextrose and 5-HMF could be impractical because of the low loading capacity of the anion exchange column as well as the mismatch of the concentrations of these two components. The analytical study of the catalytic dehydration of xylose for furfural production was carried out using an HPLC system coupled with an ion exchange stationary phase equipped with RI and UV detection systems by Dias et al. [9] . The application of HPLC in combination with ELS and photodiode array (PDA) detection systems resulted in a reproducible quantification of carbohydrates (monosaccharides and cellobiose) and furans, respectively [4] .
The application of a single method of detection coupled with liquid chromatography for the simultaneous analysis of furans, carbohydrates, alcohols, and organic acids is a challenge because of the great difference in their concentrations at a single sample concentration. Fast eluting methods using fast acid columns result in the co-elution of some of the important components during the analytical work. The objective of this work, therefore, is to apply a dual detection system using UV and RI detection methods to simultaneously quantify the hydrolysis products (monosaccharides) and hydrolysis byproducts, such as the inhibitors (toxic components), and the bioconversion products (alcohols: ethanol and xylitol) in an aqueous system. For this purpose, eluent components are to be optimized to achieve a high resolution chromatography with less elution time.
Materials and Methods

Chemicals
Acetonitrile and sulfuric acid were used as the components of the mobile phase in the HPLC analysis, and other materials including glucose, xylose, arabinose, acetic acid, HMF and furfural were used as the standards for the hydrolysate or bioconversion medium analysis. Xylitol and ethanol were used as standards for the dual-detection analysis using HPLC in experiments related to the bioconversion process. All monosaccharides and xylitol were purchased from Alfa Aeser (Ward Hill, MA); ethanol, HMF, and acetic acid were supplied by Sigma Aldrich Canada (Oakville, ON), and furfural was obtained from J. I. Baker Chemical Co. (Phillipsburg, NJ).
Samples and Instrument
The oat hull feedstock was supplied by Can-Oat Milling Inc. (Martensville, SK), and the impurities, including endosperm grits and dust, were separated using a sieving machine (Link Aero, Fargo, ND). To prepare the biobased medium, the biomass was hydrolyzed in a 4-liter reactor (Hoppes Inc., Springfield, OH) under acidic conditions using dilute sulfuric acid solution (as catalyst) in a concentration of up to 0.55 N and at a temperature of up to 130˚C within a period of 150 minutes and a 10% (w/w) solid concentration. To simulate the hydrolysate to a xylitol bioconversion medium, xylitol and ethanol were added to the hydrolysate with concentrations of up to 25 and 5 g/l, respectively. These samples were then diluted with water, centrifuged to separate suspended materials and, finally, filtered through 0.2 µm pore-sized syringe filters. A dual-detection HPLC analytical approach was employed using the Agilent 1100 series HPLC (Agilent 1100; Hewlett-Packard, Waldbronn, Germany) on an anion exchange column (HPX-87H) packed with sulfonated polystyrene-divinylbenzene. A mobile phase flow rate of 0.5 ml/min at 30˚C, was used to determine the concentrations of the major and minor components. This system was equipped with an RI detector and a DAD (diode array detector) in a series. The density and viscosity data of the acetonitrile/water mixtures was obtained from the literature [10].
Results and Discussion
The linear relationship between the density and concentration (mole fraction) of acetonitrile in its mixture with water is shown in Figure 1 . Because of the lower density of acetonitrile (0.782 g/ml at 20˚C) compared to water, any fractional increase of the former substance in the mixture results in a linear reduction of the mixture density. Another important point with the mobile phase is the back pressure (ΔP) in the liquid chromatography system, which could be affected by the mobile phase viscosity, as included in the following equation for a packed bed:
where µ is the eluent viscosity (Pa·s), F is flow rate (m 3 /s), L is length of the column (m), and K 0 , r and d p are specific permeability (m 2 ), column radius (m) and particle diameter (m), respectively. The results obtained by observations indicated that the back pressure in the sys-tem increased parallel to the viscosity of the eluent. Just at the end of the curves (Figure 2) , the slopes were slightly dissimilar, and this difference is probably due to the interaction of other factors with the flow of the mobile phase in the system. In a study on temperature and pressure behaviours of the mobile phase in LC systems using reversed phase columns, Aburjai et al. [11] concluded that changing the mobile phase fractions could be effective on the back pressure of the system; these variations are possibly dependent on the type of the organic modifier as well as the stationary phase.
agrees with the result reported by Yuan and Chen [12] , who did not observe any significant change in the retention times of the carbohydrates by acetonitrile concentration in the mobile phase. Table 1 indicates that increasing the acetonitrile concentration (mole fraction) from 0 to 0.061 for ethanol results in a reduction (from 25.79 to 23.61) of 2.18 min (8.5% of the retention time at initial condition where no organic solvent was used). This Table 1 . Retention times (min) of the components at different acetonitrile concentrations (mole fraction) in dilute sulfuric acid. The results of some HPLC analyses of the samples on carbohydrates consisting of glucose, xylose, arabinose, and of alcohols, which include xylitol and ethanol, are shown in Figure 3 . From the peaks and the results in Table 1 , it could be concluded that loading more acetonitrile into the system in the mobile phase resulted in the reduction of the retention times of the components. However, this reduction is more significant for some of the components such as ethanol and less significant for others such as all monosaccharides and xylitol. This number for glucose, xylose, arabinose, and xylitol are 4.15%, 5.31%, 4.05% and 2.63%, respectively. On the other hand, the negative effect of the organic solvent loading into the mobile phase was the appearance at certain points of a negative peak in the baseline which could be critical in the determination of peak areas and the concentration measurement. This occurred for mole fractions of 0.014 and 0.029 on the right side and left side of the peaks, respectively, resulting in large errors in reading the areas under such conditions. At the other two mole fractions (0.045 and 0.061) of the organic solvent in the mobile phase, void volumes appeared between xylitol and ethanol far from the peaks. Also, the baselines of the chromatograms were wavy compared to the pure 5 mM sulfuric acid of the mobile phase, which gave a very straight and stable baseline. In a study of the determination of carbohydrates and organic acids, a very high baseline noise, which was not acceptable, resulted from the application of acetonitrile as the organic modifier in the mobile phase [13] ; this caused the lower sensitivity of the system to the analytes, especially the ones in lower concentrations.
Analysis of Carbohydrates and Alcohols
However, in the present study, the height of the noises was not too high to develop errors in such conditions. Altogether, pure dilute (5 mM) sulfuric acid gave the best result and the two higher mole fractions (0.045 and 0.061) of the organic solvent gave better results in terms of the chromatogram quality than the other ones. The detailed results of the HPLC analysis relating to the retention times of the components are listed in Table 1 .
Analysis of Toxic Components
Toxic components (microbial growth inhibitors) including acetic acid, furfural, and HMF were analyzed, and the chromatogram results using different eluents are presented in Table 1 , as well as in Figures 4 and 5. The effect of the eluent components on the retention time and separation process is more significant for these materials, especially furfural and HMF, than for carbohydrates.
Yuan and Chen [12] , who did the analytical work on six furanic compounds, achieved a similar result. By increasing the mole fraction of acetonitrile in the mobile phase from 0 to 0.61, the retention times of acetic acid, HMF, and furfural were reduced from 19.04 to 15.72 min, 49.64 to 24.97 min and from 78.37 to 37.96 min, respectively (Table 1 and Figure 6 ). If furfural was assumed to be the final chemical being analyzed, there would be over 51% reduction in its retention time, resulting in the shortening of the duration of analysis. Application of the mobile phase containing 0.045, 0.029, and 0.014 acetonitrile mole fractions resulted in reduced furfural retention times by 43%, 33%, and 20%, respectively, compared to when sole dilute sulfuric acid was used as the mobile phase. In addition to the time savings, appropriate application of the organic fraction in the mobile phase results in less depreciation of the analytical device. However, the resolution and quality of the chromatogram is an important factor in making decisions. As shown in the chromatograms, good resolutions were achieved in almost all conditions for HMF and furfural. However, in some cases of acetic acid, a shoulder appeared on the left side of the peaks using mobile phases with 0.014 and 0.061 acetonitrile mole fractions resulting in an error in the final concentration measurement. This did not happen in the other cases. Altogether, regarding the short analysis period with the mobile phase containing 0.045 acetonitrile mole fraction among others, this ratio is recommended over the other ones.
Conclusion
Access to a reliable method in quantifying the components of a complex medium such as a hemicellulose hydrolysate or a biobased medium could be an important factor in monitoring and controlling the depolymerization and bioconversion processes which lead to the final product (xylitol). In this study, the objective parameters f the chromatogram resolution and analysis time for the o quantitative determination of the intended components (monosaccharides, alcohols and toxic components) were investigated. HPLC system properties indicated that the back pressure on an ion exchange stationary phase could be altered by changing the ratio of the organic modifier. The retention times of the compounds, mainly furans and to a lesser extent ethanol and acetic acid, were shortened by increasing the organic part of the mobile phase mixture; however, those of the monosaccharides were not affected by this change in the eluent. To optimize the ratio of the organic solvent, it was important to consider the quality of the peaks and the resolution of the chromatogram in addition to the retention times of the components. Overall, in the range studied here, the mole fraction of 0.045 for the organic solvent (acetonitrile) resulted not only in a much shorter analysis run time (43% shorter) than the pure inorganic solvent, but also in a high quality of the chromatogram comparable to the one obtained by pure dilute sulfuric acid as the mobile phase.
